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ABSTRACT 
An experimental  and t h e o r e t i c a l  i n v e s t i g a t i o n  of t h e  
u t i l i z a t i o n  of a n i s o t r o p i c  e f f e c t s  i n  semiconductor plasmas 
f o r  t h e  development of submill imeter wavelength i s o l a t o r s  
i s  descr ibed.  The t o p i c s  repor ted  o r  include an new type of  
i s o l a t o r  t h a t  depends on r e f l e c t i o n  from a semiconductor sur-  
f a c e ,  and one which uses  Faraday r o t a t i o n  i n  semiconductors. 
Experiments a t  9 4 G H z  t h a t  v e r i f y  t h e  b a s i c  v a l i d i t y  of t h e  
r e f l e c t i o n  i s o l a t o r  theory a r e  reported.  The theory  o f  t h e s e  
devices  p r e d i c t s  t h a t  room temperature opera t ion  a t  118 microns, 
I 
us ing InSb and a  magnetic f i e l d  of 1 6  kG, with  a  forward l o s s  
of much l e s s  than one db and a reverse  l o s s  of  about 2 5  db 
i s  poss ib le .  The a n a l y t i c a l  study of Faraday r o t a t i o n  i s o l a t o r s  
a l s o  p r e d i c t s  forward l o s s e s  of l e s s  than one db. 
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1. In t roduc t ion  
The purpose of t h e  work descr ibed i n  t h i s  r e p o r t  is t o  
i n v e s t i g a t e  t h e  u t i l i z a t i o n  of a n i s o t r o p i c  e f f e c t s  i n  a  semi- 
conductor plasma f o r  t h e  development of submil l imeter  wave- 
length  c o n t r o l  devices  such a s  i s o l a t o r s  and c i r c u l a t o r s .  
The p o t e n t i a l  importance of nonreciprocal  semiconductor devices  
i s  i n  t h e  f l e x i b i l i t y  of  design t h a t  comes with t h e  wide range 
of  semiconductor parameters t h a t  can be e a s i l y  achieved, i n  
t h e  poss ib le  compa t ib i l i ty  with o t h e r  semiconductor devices ,  
and a l s o  i n  t h e  new geometrical  conf igura t ions  t h a t  r e s u l t  
when t h e  primary f i e l d  t h a t  i n t e r a c t s  with t h e  ma te r i a l  i s  
t h e  microwave e l e c t r i c  f i e l d  and no t  t h e  microwave magnetic 
f i e l d  a s  i n  t h e  case  of f e r r i t e s .  
The work repor ted  here  i s  a  cont inuat ion  of t h a t  r epor ted  
i n  a previous r e p o r t  t i t l e d  The Applicat ion of Semiconductors 
To Quasi-Optical  and Waveguide I s o l a t o r s  For Use A t  Mil l imeter  
Wavelengths, da ted  Ju ly ,  1969. 
The t o p i c s  which have been i n v e s t i g a t e d  during t h e  6 month 
r e p o r t  per iod  beginning June 1, 1969 inc lude  a new c l a s s  of 
i s o l a t o r s  t h a t  depend on t h e  r e f l e c t i o n  of  inc iden t  e l e c t r o -  
magnetic r a d i a t i o n  from a semiconductor magneto-plasma. This  
work is  d iscussed  i n  Sect ion  2 .  Also inc luded,  i n  Sect ion 3 ,  
are t h e  r e s u l t s  obtained from t h e  cont inuing study of quas i -  
o p t i c a l  i s o l a t o r s  t h a t  depend on Faraday r o t a t i o n  i n  semi- 
conductors. 
2 .  Nonreciprocal Ref lec t ion  Beam I s o l a t o r  
2 . 1  In t roduct ion  
The phenomena of nonreciprocal  r e f l e c t i o n  of an e l e c t r o -  
magnetic wave inc iden t  on a  magneto-plasma have been s tud ied  
t h e o r e t i c a l l y  and experimental ly  a t  microwave frequencies .  
N . F .  Barber and D.D.  Crombie (1) found t h a t  when t h e  angle  
o f  incidence is  l a r g e ,  t h e  r e f l e c t i o n  c o e f f i c i e n t  f o r  em waves 
i n  t h e  ionosphere inc iden t  from t h e  west i s  numerically g r e a t e r  
than  t h a t  f o r  waves i n c i d e n t  from t h e  e a s t ,  a s  shown i n  Fig .  1. 
I n  t h i s  case  t h e  magnetic f i e l d  i s  t h a t  of t h e  e a r t h  and t h e  
r e f l e c t i n g  medium i s  a  l a y e r  of t h e  gaseous plasma of t h e  
ionsphere.  J . R .  Wait ( 2 )  considered t h e  i n t e r a c t i o n  of e l e c t r o -  
magnetic waves and plasma and solved t h e  boundary value problem 
f o r  the  wave propagation t r ansverse  t o  t h e  magnetic f i e l d .  
When t h e  magnetic f i e l d  i s  not  t r ansverse  t o  t h e  d i r e c t i o n  of 
propagat ion,  t h e  formulation i s  a  g r e a t  dea l  more complicated. 
J.M. Seaman ( 3 )  performed t h e  experiment a t  300'~ and 9 2  GHz 
using 1.65 a-cm n-type G a A s  a s  t h e  plasma medium. Non- 
r e c i p r o c i t y  was observed when t h e  i n c i d e n t  e l e c t r i c  f i e l d  i s  
po la r i zed  i n  t h e  plane of incidence and propagates t r a n s v e r s e l y  
t o  a  s t a t i c  magnetic f i e l d  which i s  p a r a l l e l  t o  t h e  plasma 
su r face .  A t  an angle of incidence 0 ,  measured with r e spec t  t o  
the  su r face  normal, of 60' and a  f i e l d  of 13.2 k i logauss  a 
forward l o s s  of  l l d b  and a reve r se  loss of 13,Sdb were obta ined ,  
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whereas theory predicts 8.7db forward loss and 10.9db reverse 
loss, as shown in Fig. 2  and 3 .  Even for other choices of 
semiconductor parameters 8 ,  n, p ,  B there is high forward loss 
and small reverse isolation, and this device does not look 
promising for device applications. However, N.F. Barber and D.D. 
Crombie [ll have calculated the reflection coefficient for 
W-E and E-W propagation when the angle of incident is 78.5' 
and obtained 1.6db forward loss and 21db reverse loss for the 
5 6 8 
case w=10 , w =5x106, w =10 /sec and v=5x10~-10 /sec as shown 
C P 
in Fig. 1. We conclude that small nonreciprocal effect observed 
by J.M. Seaman is due to the large difference between the vacuum 
and lattice dielectric constants of Gas. Thus we consider 
placing a slab of dielectric on top of the semiconductor. 
Section 2-2 develops the theory of nonreciprocal reflection 
for a plane boundary between the solid state plasma and dielectric 
media when electric field is polarized in the plane of incidence, 
and the magnetic field perpendicular to the plane of incidence. 
The experimental apparatus and the procedure used to measure 
the nonreciprocal reflection for the surface of solid state 
plasma are given in section 2 - 3 .  In section 2-4 the correlation 
between experimental results and theory is discussed. Section 
2-5 presents conclusions and future plans of our course of study. 
2.2 Theoretical Derivation of Reflection Coefficient 
We consider the reflection of a plane wave from a homogeneous 
s o l i d  state plasma bounded by a dielectric material. Defining 
I n c i d e n t  Wave 
/" D - G ~  scted Wave 
S o l i d  S t a t e  
Plasma 
' ~ r a n s m i  t t e d  Wave. 
F i g u r e  4 The C o o r d i n a t e  System f o r  R e f l e c t i o n  a t  t h e  
P l a n e  I n t e r f a c e  between a S o l i d  S t a t e  Plasma 
(y<O) and a Dielectric M a t e r i a l  (y>O) 
Cartesian coordinates as shown in Fig. 4!  a homogeneous solid 
state plasma occupies the space y>O while dielectric material 
occupies the space y<O. The case of an arbitrary orientation 
of the uniform dc magnetic field has first been considered by 
H. Bremmer [ 4 ] ,  leading to very complicated results. However 
approximate and useful results for such cases have been 
obtained [ 5 ,6 ,7 ] .  When the magnetic field is applied parallel 
to the z axis, it is possible to obtain the quasi static 
solutions of this boundary value problem. The calculation of 
the reflection coefficient for a plane wave between solid state 
plasma and a dielectric material, when the wave propagation is 
essentially transverse to the magnetic field, is shown in Appendix 
A. 
When the electric field is in the plane of incidence, the 
reflection coefficient at the boundary of the solid state plasma 
is given by 
E €0 l 
cos 0 - - [ A ( E  - sin28)' + D sin 01 
E- U R = 
E "0 1 
cos 0 + - E [ A ( E  A -sin20)* + D sin 81 
0 
and the transmission coefficient is given by 
2eose T = 1+R = ( 2 - 2 )  
E l 
cos 6 + - [ A ( ~  - sin20)% + D sin 01 
&o 
where 0 is incident angle, E is dielectric constant of dielectric 
media and, A and D are components of the inverse relative 
Magnet Po l e  P i e c e  
Horn 
IIorn 
Magnet P o l e  Piece 
D e t e c t o r  
Lock-in 
Ebmplif i e  
F i g u r e  5 T e s t  S e t - u p  used t o  
Measure R e f l e c t i o n  Loss 
f r o m  S o l i d  S t a t e  P l a sma  

d i e l e c t r i c  t e n s o r  of t h e  s o l i d  s ta te  plasma 
With t h e  a i d  of a computer we c a l c u l a t e d  t h e  r e f l e c t i o n  co- 
e f f i c i e n t s  f o r  a p l ane  boundary between s o l i d  s ta te  plasmas and 
a d i e l e c t r i c  material a s  a f u n c t i o n  of  i n c i d e n t  ang le  8 and 
a s  a f u n c t i o n  of t h e  magnetic f i e l d  B. 
2 .3  Experiment Procedure 
The exper imenta l  appa ra tus  shown i n  F i g .  5 i s  designed t o  
measure t h e  r e f l e c t i o n  from t h e  s u r f a c e  of n-type GaAs covered 
by a d i e l e c t r i c  medium. Since theo ry  p r e d i c t s  optimum i s o l a t i o n  
f o r  t h e  i n c i d e n t  e l e c t r i c  f i e l d  a t  a n  a n g l e  0 = 6 0 °  as shown 
i n  F ig .  1 0  and 11, a 60° pyramidal ly-cut  d i e l e c t r i c  ( S t y c a s t  
E = 1 5 ~  Emerson and Cuming) w a s  used a s  a " l o s s l e s s "  d i e l e c t r i c  0' 
medium. The semiconductor used f o r  t h e  experiment is  n-type GaAs 
which was mechanical ly  and chemica l ly  (H2S04(4) - H 2 0 2 ( 1 )  - H 2 0 ( 1 ) )  
po l i shed  and w a s  mounted on t h e  bottom of pyramidal ly-cut  S t y c a s t  
a s  shown i n  F ig .  6 .  Quarter-wave matching p l a t e s  were placed 
on t h e  i n c i d e n t  and t r a n s m i t t e d  s i d e s .  
The s k i n  dep th  6 i n s i d e  GaAs was c a l c u l a t e d  t h e o r e t i c a l l y  
u s ing  Eq. (A-16) given i n  Appendix A 
2 2 -35 6 = -Irnag f----- A - k s i n  81 
where ko = w , k = w  F 
E is the dielectric constant of a dielectric medium and A is one 
of the diagonal components of the inverse relative dielectric 
tensor of the solid state plasma given in Eq. (2-3). The 
theoretical skin depths inside GaAs as a function of magnetic 
field and as a function of incident angle are shown in Fig. 7 
and 8. Since the GaAs wafer was only one skin depth thick 
(0.5mm thick, 2cm in diameter), Eccosorb AN-72 was used as a 
low reflective backing. This device was placed at 300°K in the 
air gap of an electromagnet providing up to 16 kilogauss. 
Horns were used to provide 94 GHz incident "plane" wave whose 
electric field is polarized in the plane of incidence, and 
as a detector pickup. A lock-in amplifier was used to amplify 
and read the signal from the crystal detector. In order to 
reduce the effects of stray signals, a window made out of A1 
foil was placed on the pyramid at the side of incidence. Total 
insertion loss is somewhat difficult to measure because of use 
of pyramidal horns. The net insertion loss from absorption due 
to GaAs was, however, estimated by measuring the difference 
of reflected power using GaAs, and using a metallic inductor. 
Another isolator operated at 94  GHz and at 300°K using 
InSb was considered and is shown in Fig. 9. From the theoretical 
calculation shown in Fig, 13, the angle of incidence at which 
optimum performance could be obtained turns out to be about 
Magnetic Field in Kilogauss 
F i g u r e  7 Theoretical Skin Depth Inside GaAs as a 
Function of Magnetic Fields 


80'. By u s i n g  InSb a s  t h e  top w a l l  of t h e  wave guide f i l l e d  
w i t h  high d i e l e c t r i c  m a t e r i a l  ( r u t i l e ,  E = 40co) ,  t h e  bending 
of  t h e  wave f r o n t  may g i v e  t h e  same c o n f i g u r a t i o n  a s  t h e  case 
whsn i n c i d e n t  ang le  of e l e c t r i c  f i e l d  i s  around 80'. 
2.4 Experimental  Resu l t s  
2 .4 .1  Measurement of GaAs and InSb parameters  
D e t a i l e d  exper iments  have been performed i n  GaAs which 
i n d i c a t e  t h a t  t h e  e f f e c t i v e  mass i s  taken  t o  be  0.07 mo [81 
and t h e  r e l a t i v e  d i e l e c t r i c  c o n s t a n t  i s  assumed t o  be  12.5 E91. 
The m o b i l i t y  and f r e e  c a r r i e r  c o n c e n t r a t i o n  were measured a t  
300°K by t h e  Van d e r  Pauw method, [ l o ]  which does n o t  depend 
on sample geometry. The parameters  o f  G a A s  used i n  t h e  exper-  
iments  i s  shown below. 
E = 12.5 Eo R 
2 
Ue = 6100 crn /vo l t - s ec  
1 4  3  
n = 7 . 1 ~ 1 0  /cm 
C.A. Hogarth [ l l ]  quotes  exper imental  r e s u l t s  f o r  t h e  
e f f e c t i v e  m a s s  of  InSb a s  0.0155 mo o r  0.0145 mo and t h e  
r e l a t i v e  d i e l e c t r i c  c o n s t a n t  17.5. From Faraday r o t a t i o n  exper-  
iments  performed i n  t h i s  l a b o r a t o r y  [12] ,  t h e  r e l a t i v e  d i e l e c t r i c  
c o n s t a n t  was found t o  be  16.0. By performing t h e  Van d e r  Pauw 
measurement [ l o ]  a t  300°K, t h e  parameters  o f  InSb used i n  t h i s  
experiment are shown below. 
I n c i d e n t  Angle i n  Degrees 
F igu re  1 0  T h e o r e t i c a l  R e f l e c t i o n  Loss f o r  GaAs R e f l e c t i o n  
I s o l a t i o n  a t  94GHz as a  Funct ion of I n c i d e n t  Angle 


2.4.2 Comparison of Experimental Results with Theory 
Fig. 10 shows theoretical reflection loss from GaAs with 
a dielectric layer ( ~ = l 6 ~ ~ )  for electric fields polarized in 
the plane of incidence at 94 GHz and at 300°K with a uniform 
magnetic field of 13.2 kilogauss as a function of incident 
angle 0. The theoretical results of isolation from the GaAs 
surface covered by a dielectric material ( E  = 1 6 ~ ~ )  as a
function of incident angle 8 is shown in Fig. 11. Fig. 12 
shows the theoretical variation of the reflection loss as a 
function of the uniform magnetic field B with fixed incident 
angles ( 9  = 55.0°, 60.0' and 65.0'). Also InSb with a dielectric 
layer (&=40e0) was used for the calculation of reflection co- 
efficient at 94 GHz and at 300°K with uniform magnetic field 
of 13.2 kilogauss, and its theoretical reflection loss as a 
function of incident angle 8 is shown in Fig. 13. The the- 
oretical calculations of reflection coefficient are also 
performed for infrared wavelengths, 33711 and 118' from HCN 
and H 0 laser, respectively. The theoretical reflection loss 2 
for a plane boundary between InSb and a dielectric layer 
(E=30Eo) at h=337~ and at 300°K with uniform magnetic field of 
13.2 kilogauss as a function of incident angle is shown in 
Fig. 14. Similarly Fig, 15 and 16 show the theoretical reflection 
loss for a plane boundary between InSb and a dielectric layer 
( E = ~ O E ~ )  at X=118p and at 300'~ as a function of incident angle 
with uniform magnetic field of 13.2 and 16.0 kilogauss, respectively. 
Experimental results of the isolation from a GaAs surface 
covered by a dielectric-material ( ~ = l 5 ~ ~ )  as a function of 
incident angle 8 is shown in Fig. 17. This experiment was 
conducted at 94GHz are at 300'~ with the constant uniform 
magnetic field of 13.2 kilogauss as was theoretical calculation. 
Fig. 18 shows the experimental variation of reflection loss as 
a function of the uniform magnetic field with the fixed incident 
angles (0=56.2' and 57.5') . 
Isolation of 1l.Odb with 1l.Odb insertion loss was observed 
for the signal at an incident angle of 57.5' whereas theory 
predicts 54db isolation with 9db insertion loss at an incident 
angle of 60' as shown in Fig. 10 and 11. The considerable 
deviation between these is probably due to non-plane wave 
behavior of the incident wave and non-uniform material parameters. 
The window used to reduce stray reflection and transmission is 
only about 5x7 wavelengths. This non-plane wave behavior 
caused by the small window might have smeared out the sharpness 
of the isolation curve shown in Fig. 10 and 11, This was also 
confirmed from the fact that a much smaller window, 3 wave- 
lengths square, c~mpletely destroyed the nonreciprocal phenomena. 
Also a substantial beam angle of 4' to 6' of the transmitting 
B = 1 3 . 2  Kilogauss 
I n c i d e n t  Angle i n  Degrees 
F igu re  1 3  T h e o r e t i c a l  R e f l e c t i o n  Loss f o r  InSb 
R e f l e c t i o n  I s o l a t o r  a t  94GWz as a 
Funct ion of  I n c i d e n t  Angle 
B = 13.2 Kilogauss 
Incident Angle in Degrees 
Figure 14 Theoretical Reflection Loss of InSb 
Reflection Isolator at A=337p as a 
Function of Incident Af~gle 
B = 13.2 Kilogauss 
Incident Angle in Degrees 
Figure 15 Theoretical Reflection Loss of InSb 
Reflection isolator at X=318~ as a 
Function of Incident Angle 
Incident Angle in Degrees 
Figure 16 TheoreticaL Reflection Loss of InSb 
Reflection Isolator at A=118u as a 
Function of Incident Angle 
Incident Angle  in Degrees 
F i g u r e  17 Experimental Isolation of G a A s  Reflection 
Isolator at 94GWz as a Function of Incident 
Angle 
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and rece iv ing  pyramidal horns causes s i g n i f i c a n t  eEror,  s i n c e  
t h e  r e f l e c t i o n  c o e f f i c i e n t  changes r a p i d l y  with i n c i d e n t  angle .  
The r e f l e c t i o n  from t h e  back s i d e  of  t h e  GaAs (0.5m t h i c k )  
might have washed o u t  some nonreciprocal  na tu re ,  al though t h e  
Eccosorb backing was used t o  reduce t h i s  r e f l e c t i o n .  
The i s o l a t o r  us ing  t h e  InSb as t h e  top  wall  of a wave 
guide shown i n  Fig.  9 was a l s o  t r i e d  without success.  The 
wave guide was f i l l e d  by t h e  r u t i l e  (TiOZ) which has r e l a t i v e  
d i e l e c t r i c  cons tan t  of around 50 and operated a t  94GHz and a t  
300°K w i t h  uniform t ransverse  magnetic f i e l d  up t o  16 k i logauss .  
Using t h i s  device,  we could no t  observe any nonreciprocal  
phenomena. This might be due to a  number of f a c t o r s .  F i r s t ,  
t h e  bending of wave f r o n t  might have no t  been a  d e s i r e d  angle ,  
al though i n c i d e n t  angle  80' i s  requi red  from t h e  theory a s  shown 
i n  Fig .  11. Second, t h e  e x c i t a t i o n  of  higher  modes i n s i d e  
t h e  r u t i l e  might have cancel led  t h e  nonreciprocal  phenomena. 
I n t e r n a l  r e f l e c t i o n s  i n  t h e  r u t i l e  a l s o  might have caused 
problems. Exact t h e o r e t i c a l  i n v e s t i g a t i o n  f o r  t h e  conZiguration 
i s  now being considered. 
2 . 5  Conclusions and Future Plans 
The r e f l e c t i o n  c o e f f i c i e n t  f o r  a plane boundary between a  
s o l i d  s t a t e  plasma and a d i e l e c t r i c  ma te r i a l  has  been skudied 
for the  i n c i d e n t  s i g n a l  po la r i zed  i n  t h e  plane of incidence and 
t r a v e l i n g  perpendicular  t o  t h e  magnetic f i e l d .  Theore t i ca l  
and experimental  r e s u l t s  i n d i c a t e  promising device a p p l i c a t i o n s  
f ~ r  i s o l a t o r s  opera ted  a t  quas i -opt ica l  t o  o p t i c a l  f requencies  
and a t  room temperature.  
We a r e  preparing t o  do f u r t h e r  experiments a t  337, 118,  
and 27  microns using HCN and H20 l a s e r s .  Carefu l  s e l e c t i o n  of  
t h e  s o l i d  s t a t e  plasma (InSb, G d s ,  and InAs) and a high d i -  
e l e c t r i c  ma te r i a l  ( r u t i l e  and e t c . )  w i l l  promise good performance 
a s  an i s o l a t o r  i n  o p t i c a l  systems. 
3. Far Infrared Isolators Using Faraday Rotation 
3.1 Introduction 
This research work is an extension of the project under- 
taken last year (14) in which we investigated the possible milli- 
meter wave device applications of an electromagnetic plane wave 
propagating in a solid state plasma in a magnetic field. The 
magneto-optical effect encountered is the so called Faraday effect 
characterized by the rotatian of the plane of polarization of 
an electromagnetic wave in the presence of a static longitudinal 
magnetic field. 
The prior experiments were performed at a wavelength of 
3.2mm and were found to be in good agreement with the theoretical 
calculations. The proposed experiments will be conducted at 
respectively 28 microns, 118 microns and 337 microns. The two 
first wavelengths correspond to cw laser lines of water vapor 
while the last one is the strongest emission line wavelength of 
the CN radical. 
In the infrared region of the spectrum the optical properties 
of semiconductors are determined by the free carriers and by 
lattice vibrations, 
3.2 Theory 
We consider first the simplified free carrier Faraday rotation 
theory (Appendix B, 92, 13, 14) treated in classical terms. 
The electron plasma simulating the semiconductor through which 
the electromagnetic wave propagates is infinite in length and 
is imersed in a static magnetic field. Further assumptions can 
be derived from the two following conditions: 
1. A sufficiently high magnetic field is applied to the 
semiconductor 
2.  The high frequency of the infrared radiation 
namely, 
It is interesting to note that these are quite different 
from the microwave case where we had: 
Using the assumptions for the infrared case into the complete 
expression giving the propagation constant one obtains after 
simplification the Faraday Rotation angle per unit length as 
where 
w = plasma frequency 
P 
w = c y c l o t r o n  resonance frequency 
C 
w = o p e r a t i n g  frequency 
E = d i e l e c t r i c  c o n s t a n t  of semiconductor sample R 
vo  
= p e r m i t t i v i t y  o f  vacuum 
The r e s u l t s  of t h e  computation are shown i n  F i g u r e  19  f o r  
samples of  InSb o f  concen t r a t i on  and of  m o b i l i t y  t h a t  could 
be expected f o r  room temperature  o p e r a t i o n .  Ro ta t ion  i s  seenr  
f o r  low magnetic f i e l d s  t o  have a l i n e a r  dependence and t o  
i n c r e a s e  w i t h  h ighe r  c a r r i e r  concen t r a t i on  f o r  a c o n s t a n t  
magnet ic  f i e l d .  
The model used i n  t h i s  computation can be s een  t o  d e s c r i b e  
t h e  c a s e  where no r e f l e c t i o n s  a r e  occu r r ing  a t  t h e  boundar ies  
o f  t h e  semiconductor plasma. Such a scheme can be  achieved by 
us ing  impedance matching p l a t e s  o r  c o a t i n g s  on t h e  semiconductor 
0 
s l a b .  Then a Faraday r o t a t o r  g iv ing  a 4 5  r o t a t i o n  f o r  a f i e l d  
o f  1 0  kG would show a l o s s  E expressed  b y :  
or wi th  t h e  above numbers f o r  LnSb a t  room tempera ture  
L = 0.85 db. 
The l o w  l o s s  found with t h i s  scheme makes it a t t r a c t i v e  f o r  
dev ice  a p p l i c a t i o n s .  
2 Magnetic F i e l d  (Wb/m ) 
Fig. 1 9  T h e o r e t i c a l  Paraday Ro ta t ion  Angle 
v e r s u s  Magnetic F i e l d  
Computation Simulated f o r  a sample 
of Indium Antimonide of va r ious  c a r r i e r  
c o n c e n t r a y g n s  a t  room tempera ture  
a .  2 .0  80 ernm3 c. 4 - 0  lo16 ~ r n - ~  
In the above analysis we have not taken into account the 
influence of multiple reflections at the boundaries of the solid 
state plasma. The effects of multiple reflections on the 
transmission properties of an infinite semiconductor sheet of 
finite thickness were derived by Donovan and Medcalf (14.16). 
Calculations were carried out for various parameters taken from 
InSb at room temperature. Rotation is similar to the results 
in Fig. 19. The loss curves in Fig. 20 show the high insertion 
loss due to surface reflections. Both rotation and loss are 
seen to increase with carrier concentration. 
We expect to perform the experiments with carrier con- 
centration equal to that of intrinsic material or higher in 
order to neglect the hole contribution whose mass is ten 
times as great as the electron effective mass. The interband 
Faraday effect which is oppositely directed to the free 
electron effect does not have any significant contribution 
(17) at the carrier concentrations and wavelengths being 
considered. Also the lattice vibrations (Reststrahlen bands) 
can be neglected at these wavelengths. The rotation is 
therefore dominated by conduction electrons. 
Optical properties such as reflectivity and transmission 
have been measured in the infrared. Some of their results 
(22) are reproduced in Figures 2Ea and 2Eb for InSb. The 
2 Magnetic Field (Wb/m ) 
Fig. 20.  Theoretical Insertion Loss Versus Magnetic Field 
Computation Simulated for a sample of Indium 
Antimonide of various concentrations at room 
temperature 
a. 2 . 0  1016 cm -3 c. 4.0  lox6 cm-3 
b. 3.0 1016 ~ r n - ~  d. 5.0 lox6 ~ r n - ~  
Wavelength (mic rons )  
F i g .  21a R e f l e c t i v i t y  of Indium Antimonide C r y s t a l s  
a f t e r  H .  Yoshinaga and R.  O e t j e n  (18) 
The Indium Antimonide sample has  a t  3 G 0 ° X  
t h e  f o l l o w i n g  e l e c t r i c a l  p r o p e r t i e s  a t  300°K 
n = 2 1 0  16 cm-3 
2 p = 440QQ cm / v o l t  sec.  
and  a  t h i c k n e s s  of 0.3% 
Wavelength (microns) 
F i g .  21b. Transmission of Indium Antimonide Crystals 
after H. Yoshinaga and R. Oetjen (3.8) 
The Indium Antimoniae sample of 0.35 mrn 
thickness has the following electrical 
properties at 300% 
n = 2 .  cne2 
reflectivity by several workers (18) (19), ( 2 8 ) ,  (211, (22) 
curve shows a sharp maximum at 54.6~ and the transmission shows 
a low transmission at the same wavelength due to lattice 
vibration in the crystal. A weak absorption at 28.3~ is due 
to the overtone of the lattice vibration. At 27.9~ the 
reflectivity is seen to be about 35% and the transmission about 
25% for samples of 0.35rnm thickness. Losses have been estimated 
theoretically and found to be of 6db for a sample 0.5mm thick 
in sample of similar electrical properties as the ones used in 
experiments by Yoshinaga and Oetjen. However this high loss 
can be avoided by using suitable impedance matching plates. 
The proposed scheme of the experiment for Faraday rotation 
measurement is presented in Figure 22. 
3.3 Device Applications 
3.3.1 Isolator 
Design calculations for an isolator using a data of InSb 
17 3 having at room temperature a concentration of about 10~~--10 cm 
2 -1 -1 
and a mobility of 80 ,000  cm v s and placed in a field of about 
1 0  kG, have been carried out. The insertion losses for this 
transmission type isolator if no matching plates are used at the 
input and output is around 6db. By using suitable matching sections 
the isolator would then have less than one db forward transmission 
l o s s ,  making this device feasible. The device and experimental 
set up are shown in Figure 2 3 .  
Water Vapor 
I 
) semiconductor.1 I Applied 
I magneeic 1 sample f i e l d  
Fig. 2 2 .  Experimental Set up t o  Measure 
Faraday Rotat ion Angle 
In£ r a r e d  
r a d i a t i o n  
source  
Q u a r t e r  Wave Impedance 
Matching P l a t e s  P o r t  3 TS 
8 
B r e w s t e r  Angle 
Semiconductor window 
g y r a t o r  wi th  
magnetic f i e l d  
a p p l i e d  t o  g ive  
a 45' r o t a t i o n  
Fig. 2 3 .  Experimental  set up t o  test  
t h e  Proposed Faraday Ro ta t ion  
, 
I s o l a t o r  
3 . 3 , 2  Modulators 
Free carriers modulators to be investigated will be designed 
to operate as reactance modulators as well as transmission 
devices which utilize the resistive free carrier modulation. 
Free carrier absorption in transmission devices has been 
investigated in Ge (23) and in high resistivity GaAs by several 
workers (24). Generation of free carriers can be achieved by 
several schemes, including: 
- injection across a pn junction with current density of 
a few ~ / c m ~  (25) 
- photoabsorption of shorter wavelength light (26). 
Figure 24 shows a proposed experimental set up for the infrared 
modulator constructed with a semiconductor rotator section. 
3.4 Experimental Apparatus 
3.4.1 Design of Water Vapor Laser at 27.9 microns and at118 
microns 
The geometrical design of the cavities resulted from the 
theoretical calculations of Li's paper (27) choosing for the 
a 2 Fresnel number N = = 1.6 
a = radius of the mirror 
d = cavity length 
A = expected wavelength of operation 
The laser glass tube cavity for 27.9 microns has an internal 
diameter of 2,5ern a length between mirrors of 3m and for 3-18 
Unmodulated polarized 
emiconductor 
modulator 
Fig. 24. Experiment set up to test the 
Proposed Faraday Rota t ion  
Modulator 
microns, 5cm i n  diameter,  3,5m i n  l eng th ,  B ~ t h  a r e  water cooled 
i n  o rde r  t o  inc rease  t h e  ga in  of t h e  2 7 . 9 ~  and t h e  1 1 8 ~  l i n e s .  
The water cooled cathode and t h e  anode a r e  about 2.6m a p a r t  
f o r  2 7 . 9  microns and 3.2m a p a r t  f o r  118 microns. 
The resona to r  conf igura t ion  sketched i n  Figure  25 i s  s e m i -  
confocal .  The gold coated pyrex mir rors  a r e  l O c m  i n  diameter 
two of them a r e  f l a t ,  t h e  o t h e r  i s  s p h e r i c a l l y  curved with a 
r ad ius  of 6m; t h e i r  sur face  smoothness i s  wi th in  a 1 / 4  wave a t  
28 microns. The mir rors  a r e  mounted i n  supports  t h a t  can be 
t i l t e d  i n  o rde r  t o  a l i g n  o p t i c a l l y  t h e  resonator .  The two f l a t  
mir rors  have an a d d i t i o n a l  long i tud ina l  motion c o n t r o l l e d  by 
d i f f e r e n t i a l  micrometers. 
A p o l a r i z e r  f i l m  has been placed i n s i d e  t h e  g l a s s  tube 
s o  as  t o  have t h e  output  r a d i a t i o n  l i n e a r l y  po la r i zed  i n  a known 
d i r e c t i o n .  The output  window is made of high dens i ty  polyethelene 
which has been found t o  be no t  t o o  absorbing a t  27.9 microns 
and a l s o  a t  118 microns. 
The l a s e r  output  i s  de tec ted  by a Golay c e l l  provided wi th  
a diamond window, t h e  power output  i s  expected t o , r e a c h  about 
40mw, with both t h e  2 7 . 9 ~  and 1181-1 l a s e r s .  
This p a s t  r e p o r t  per iod has been spent  on t h e  designing 
and t h e  opera t ion  of t h e  gas laser and t h e  calcuPat ions f o r  t h e  
Faraday r o t a t o r  des igns ,  The d i f f i c u l t i e s  encountered were due 
to a 
to vacuum pump 
i n l e t  
Cathode 
\ 
water  cooled j 
I 
S p h e r i c a l l y  curved m i r r o r  f l a t  m i r r o r s  7 
Mylar f i l m  
p o l a r i z e r  
High d e n s i t y  
po lye thy lene  
o u t p u t  window 
p o l a r i z e d  
output 
Fig .  2 5 .  Water Vapor Laser f o r  t h e  
27.9 microns-line 
1, The vacuum pump leaking some oil vapor into the system 
thereby contaminating the discharge with C02. The 
effect was a burned pslarizer polyethelene film a 
few minutes after the discharge was ignited. 
2. The mirror alignment procedure. Mirror alignment is 
somewhat critical at 2 7 . 9 ~  and the mirror mounts had to 
be rigid so that their position was the same with or 
without vacuum in the glass tube, The alignment method 
was performed with and without vacuum using an He-Ne 
laser. This procedure is thought to be very suitable 
for such a critical alignment. 
3. The cathode and anode designs. The copper cathode had 
to be water cooled in order to avoid copper sputtering 
on the laser tube walls. 
These problems have been solved and the laser should be 
expected to operate within the next few weeks. 
3.5 Conclusions and Future Plans 
Faraday rotation measurements will be performed with InSb 
at room temperature; materials like Ge, Si, GaAs are out of 
question, InAs could be a possibility if purer samples were 
available. This investigation will be followed by experiments 
on the Faraday Rotation isolators. The devices should be 
operating with fields around 10 k@ and have forward loss of less 
than one db with matching plates. We expect to study these 
isolators at 27.9 and 118 microns. 
Schemes for modulators will then be tried out, Modulator 
performances at this point are not known yet. 
4 5  
A P P E N D I X  A Reflection Coefficient for a Plane Boundary Between 
Solid State Plasma and Dielectric Material 
Using cartesian coordinate shown in Pig. 4, a homogeneous 
solid state plasma occupies the spacg y>O while a dielectric 
material occupies y<O. The uniform magnetic field is parallel 
to the z axis. 
By assuming a plane wave with harmonic time dependence 
exp iwt, Maxwell's equations are given by 
-f -b 
-jwpoH = VxE 
-1 
-jwroE = K V x H  
Here the relative dielectric tensor of plasma has a form of 
where 
and 
Then t h e  i n v e r s e  r e l a t i v e  d i e l e c t r i c  t e n s o r  of plasma i s  g iven  
where 
X 
KL 
, D =  1 A =  2 2 2 2 and B = - K +Kx K %Kx K1l 
The wave equa t ion  de r ived  from ( A - l )  and (A-2)  are 
0 
where 
The f a c t  t h a t  HZ and EZ i n d i v i d u a l l y  s a t i s f y  a wave equa t ion  
means t h a t  any s o l u t i o n  can be  regarded as t h e  l i n e a r  combination 
o f  two partial s o l u t i o n s .  Thus wi thou t  any l o s s  o f  g e n e r a l i t y  
a t t e n t i o n  can be r e s t r i c t e d  t o  t h e  c a s e  o f  e i t h e r  H z = 0 o r  
E Z  = 0. 
The solution for HZ = 0, however, is quite trivial one since 
the uniform magnetic field has no influence. Then consider 
the case of incident electric wave polarized in the plane of 
incidence. In free space, 
0 
*z,  inc = Ho exp [-ikcos0-y - ik sin 09x1 
where 
and the reflected wave is 
0 
= HoR exp [ikcos0'y - iksinOex1 
ref 
where R is by definition a reflection coefficient. In plasma 
the transmitted wave must have a form 
HZ 
= H T f (y) exp[-iksin0-XI (A-8) 
0 
Where T is by definition a transmission coefficient. Since 
H is to satisfy a wave equation (A-4). 
Z 
ko 2 2 %  f ( y )  = exp [-i (T - k sin 0) yl 
The boundary condition are that the tangential components of the 
fields in the plasma and in the dielectric media are to be 
continuous at y=O. The continuity of HZ at y=O gives 
Ex components are evaluated from Eq. (A-2), 
0 
jWE Ex, inc = -ik cosO*Ho expi-ikcos0.y- iksine-x] (Aik3.1) 
0 j w ~  Ex = -ikcosO*HoR exp[ikcosO.y- iksin8*x] (A-12) 
, ref 
and 
2 
ko 2 2 3 
jWEoEx, trans = [-i(- A -k .sin 8) A+ (-iksine)B] 
2 
ko 2 2 % 
=H T exp [-i (T k sin 8) y -iksin8x] . 
0 
Continuity of Ex at y=O then gives 
Using Eq. (A-lo), the reflection coefficient R is 
6 
E 
cose - - 
0 1 2 l  [ (E  A - sin ef A + sinOgD] 
R = I (A-15) 
€ &o L 2 
cos0 + - [(--ii - sin 8)' A + sinB-D] 
€0 E 
and the transmission coefficient T is 
T = 1+R = E (A-16) 
E 0 P 2 % 
C O S ~  c -- [(, - sin 0) A t sin0eDj 
&o 
The sk in  depth 6 i s  given by t h e  r e a l  p a r t  of propagation 
cons tan t  of t h e  t r ansmi t t ed  wave i n  y d i r e c t i o n .  Using ~ q .  
( A - 9 ) ,  t h e  s k i n  depth 6 is  given by 
k L 
0 2 2 -%i 6 = - ImagIT - k  s i n  91 
APPENDIX B DERIVATION O F  FARADAY ROTATION AT INFRARED FREQUENCIES 
Consider a uniform plane wave polarized along the x-axis 
and propagating along the magnetic field which is applied along 
the z-axis. Let the semiconductor slab which constitutes the 
solid state plasma zone to be infinite in length. This plasma 
is considered homogeneous, not lossy and the electron effective 
mass is isotropic. Applying Maxwell's equation: 
where 
and the tensor conductivity 
in which for an n-type semiconductor we have 
I1 = ney/ (l+jw~) 
-3 
Solving t h e  wave equa t ion ,  and then  s e p a r a t i n g  i n t o  t h e  x  and 
y components w e  g e t  
2 2 ( r  -w y o ~ R + j ~ ~ o A ) ~ X - j ~ v  0 E = 0 
O X Y  
(B-8)  
from which t h e  d i s p e r s i o n  r e l a t i o n  can be w r i t t e n  as 
Solv ing  f o r  r 2  w e  o b t a i n  t h e  exp res s ions  of  t h e  propaga t ion  
c o n s t a n t s  f o r  t h e  r i g h t  and l e f t  c i r c u l a r l y  p o l a r i z e d  wave 
The above exp res s ion  show t h a t  t h e  l e f t -hand  and t h e  r igh t -hand  
p o l a r i z e d  waves propaga te  w i th  d i f f e r e n t  phase v e l o c i t y  under a 
magnetic f i e l d .  
Upon r e p l a c i n g  o, and ox one g e t s  
where a+ i s  t h e  a t t e n u a t i o n  c o e f f i c i e n t  and, 
- 
6, t h e  phase c o e f f i c i e n t .  
- 
For i n f r a r e d  f r equenc ie s ,  with moderate magnetic f i e l d s  and 
a sample of indium antimonide a t  room tempera ture  some assumptions 
w i l l  be  f i r s t  j u s t i f i e d  and t h e n  a p p l i e d  t o  exp res s ion  B-13 i n  
o r d e r  t o  s i m p l i f y  it. 
L e t  t h e  carrier concen t r a t i on  b e  
n = 3.0 1016 cm-3 
then  t h e  plasma frequency i s  g iven  by 
* 
s u b s t i t u t i o n  o f  n ,  e ,  m , E R f o r  t h e  c a s e  cons idered  l e a d s  t o  
w = 1.98 1013 s e c  -1 P 
The cyClotron resonance frequency 4 i s  f o r  B = 10 G s  
-1 
s e c  
Radia t ion  a t  2 7 . 9 ~  has  t h e  corresponding frequency 
1 3  -1 
w = 6 . 7  1 0  s e c  
T h e  c a r r i e r  l i f e t i m e  f o r  t h e  sample cons idered  i s  g iven  by: 
* 
- mA = 3.6 10 -13 T s e c  
e 
Therefore  t h e  fo l lowing  assumptions can be  made: 
Then the expression for the attenuation coefficient reduces to 
and the expression for the phase coefficient becomes 
m 
This expression shows that the two circularly polarized waves 
will propagate with different phase velocities. This results in 
a rotation of the plane of polarization of the original linearly 
polarized wave as the wave propagates along the magnetic field 
in the solid state plasma. 
The angle of this rotation is expressed by 
Replacing by B-19 one gets 
2 
upon substitution of w and wB by B-14 and B-15 the expression 
P 
becomes 
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